Escherichia coli apomanganese superoxide dismutase, prepared by removing the native metal ion under denaturing conditions, exhibits thermally triggered metal uptake behavior previously observed for thermophilic and hyperthermophilic superoxide dismutases but over a lower temperature range. Superoxide dismutases (SODs) 1 (E.C. 1.15.1.1) are important antioxidant metalloenzymes protecting cells against oxidative stress arising from reactive oxygen species (1-4). SODs are ubiquitous, and multiple forms often exist within a single organism or cell. Four major forms of SODs (Mn, Fe, Cu/Zn, and Ni) have been identified, distinguished by the protein fold and by the nature of the catalytic metal ion (5-8). Mn-and Fe-SODs share extensive homology in protein structure, whereas the Ni and Cu/Zn enzymes are structurally distinct. Despite their similar structures (9), the Mn-and Fe-SODs exhibit a strict specificity for the catalytic metal ion (manganese or iron). Much lower selectivity is generally observed for metal binding, and the dimeric Mn-SOD from Escherichia coli is typically isolated as a mixture of Mn 2 -, (Mn,Fe)-, Fe 2 -, and half-apoforms (10, 11). Both the manganese-and iron-replete forms may be enriched by supplementing the culture medium with either manganese or iron salts (12). Apo-Mn-SOD binds metals nonselectively in the presence of guanidinium denaturants, and this method has been used to prepare manganese-, iron-, and cobalt-reconstituted forms (13-17).
M
؊1 ) is surprisingly low in light of the essentially irreversible metal binding characteristic of this family of proteins and indicates that metal binding and release processes are dominated by kinetic, rather than thermodynamic, constraints. The kinetic stability of the metalloprotein complex can be traced to stabilization by elements of the protein that are independent of the presence or absence of the metal ion reflected in the thermally triggered metalation characteristic of these proteins. Binding constants for Mn(III), Fe(II), and Fe(III) complexes were estimated using quasireversible values for the unfolding enthalpy and ⌬C p for apo-Mn superoxide dismutase and the observed T m values for unfolding the metalated species in the absence of denaturants. For manganese and iron complexes, an oxidation state-dependent binding affinity reflects the protein perturbation of the metal redox potential.
Superoxide dismutases (SODs) 1 (E.C. 1.15.1.1) are important antioxidant metalloenzymes protecting cells against oxidative stress arising from reactive oxygen species (1) (2) (3) (4) . SODs are ubiquitous, and multiple forms often exist within a single organism or cell. Four major forms of SODs (Mn, Fe, Cu/Zn, and Ni) have been identified, distinguished by the protein fold and by the nature of the catalytic metal ion (5) (6) (7) (8) . Mn-and Fe-SODs share extensive homology in protein structure, whereas the Ni and Cu/Zn enzymes are structurally distinct. Despite their similar structures (9) , the Mn-and Fe-SODs exhibit a strict specificity for the catalytic metal ion (manganese or iron). Much lower selectivity is generally observed for metal binding, and the dimeric Mn-SOD from Escherichia coli is typically isolated as a mixture of Mn 2 -, (Mn,Fe)-, Fe 2 -, and half-apoforms (10, 11) . Both the manganese-and iron-replete forms may be enriched by supplementing the culture medium with either manganese or iron salts (12) . Apo-Mn-SOD binds metals nonselectively in the presence of guanidinium denaturants, and this method has been used to prepare manganese-, iron-, and cobalt-reconstituted forms (13) (14) (15) (16) (17) .
Each subunit of the E. coli Mn-SOD homodimer is composed of two domains, a predominantly ␣-helical N-terminal domain and a mixed ␣/␤ C-terminal domain (18) . The metal-binding site lies on the interface between these two domains buried in the interior of the protein. The mononuclear metal ion is coordinated by four amino acid side chains ( Fig. 1) , two arising from the N-terminal domain (His-26 and His-81) and two from the C-terminal domain (Asp-167 and His-171), resulting in a metal ion cross-link between the two domains. A buried solvent molecule serves as a fifth ligand forming a hydrogen bond in the outer sphere of the metal complex with the amido head group of Glu-146 (E. coli Mn-SOD sequence numbering). The metal ion appears to be very tightly bound, being released only under denaturing conditions and resisting extraction by metal chelators like EDTA (13) .
Earlier work has shown that metal-free apo-SOD is produced during expression of recombinant thermophilic SODs in the mesophilic host, E. coli. The purified apoprotein has been shown to efficiently take up metal ion in vitro at elevated temperatures, and the binding is essentially irreversible under these conditions. At lower temperatures, metal uptake is not detected (19, 20) . The sigmoidal temperature profile for metalation of the recombinant thermophilic apo-SODs suggests that a two-state activated process is involved. The requirements for denaturing conditions to remove the metal and thermally triggered metal uptake imply the existence of large activation barriers for changes in the metalation state of the folded protein, preventing the use of direct titration to measure metal binding affinities for this family of proteins.
In recent years an alternative approach, differential scanning calorimetry (DSC), has been used to estimate very large binding constants of ultratight protein interactions that cannot be conveniently measured using conventional equilibrium techniques (21) (22) (23) . In the present study we have used DSC methods to estimate the previously unmeasured binding constants for manganese and iron complexes of Mn-SOD, providing new insight into the metal binding processes within this family of enzymes.
EXPERIMENTAL PROCEDURES
Mn-SOD was purified from E. coli as described previously (11) . Apo-Mn-SOD was prepared by literature methods and stored in 20 mM Tris-HCl, pH 8, containing 10 mM EDTA (13) (14) (15) (16) (17) . Apoprotein was desalted by gel filtration (Bio-Gel P-30, Bio-Rad) immediately before use. Protein concentration was determined by optical absorption measurements using the reported molar extinction coefficient (⑀ 280 ϭ 8.66 ϫ 10 4 M Ϫ1 cm Ϫ1 ) (14) . Superoxide dismutase activity was measured with the xanthine oxidase/cytochrome c inhibition assay (5) . Metal analyses were performed using a Varian Instruments SpectrAA atomic absorption spectrometer equipped with a GTA 96 graphite furnace. The activation of apo-Mn-SOD was performed in 50 l of 20 mM MOPS buffer, pH 7, containing 0.1 mM apo-Mn-SOD and 1 mM MnCl 2 , and the reaction mixture was heated in a thin-walled polypropylene tube in a thermal cycler (MJ Research) for 5 min, chilled on ice, and stored at Ϫ80°C for SOD activity assay. This approach was also used to screen a range of buffer compositions for enhanced reversibility of thermal unfolding of E. coli Mn-SOD reproducing the heating/cooling rates and temperature scan ranges used in the DSC experiments.
For calorimetric studies, 0.5 ml of protein (2 mg/ml) in 20 mM MOPS buffer, pH 7, was used in each measurement. When guanidinium hydrochloride (GdmHCl) was included in the sample, 0.5 ml of 4 mg/ml protein in 40 mM MOPS, pH 7, was mixed with GdmHCl solution (twice the final concentration) immediately before the scan. Fully reduced Mn(II) 2 -SOD was prepared by the addition of 2 eq of H 2 O 2 to native (as isolated) Mn-SOD, diluted to 4 mg/ml, and centrifuged for 10 min at high speed in an Eppendorf microcentrifuge. Aliquots of Mn(II) 2 -Mn-SOD were stored at Ϫ80°C and thawed immediately before measurement. For DSC studies on Mn(II) 2 -Mn-SOD, MnCl 2 was included in the sample buffer (1 mM final concentration). The calorimetric measurements were carried out using a Model 6100 NanoII differential scanning calorimeter (Calorimetry Sciences Corp.) using the built-in software for data acquisition and analysis. The measurements were performed by scanning from low to high temperature (upscan) at 1.5 K/min or 0.25 K/min followed by a downscan at the same scan rate. For GdmHCl concentration dependence studies only upscans were performed. A reference blank containing all reagents except the protein was measured for each sample at identical settings.
RESULTS

Thermally Triggered Activation
E. coli apo-Mn-SOD prepared by extraction of metal ions with a chelating agent under denaturing conditions (GdmHCl, low pH) followed by renaturation of the protein contained less than 1% of manganese or iron and was devoid of superoxide dismutase activity. Apo-Mn-SOD was stable toward metal binding below ambient temperature but could be activated by incubating with MnCl 2 salts at elevated temperatures. The temperature dependence of this activation process is shown in Fig. 2 . The activation profile may be fit to a two-state transition model with a midpoint transition temperature T m ϭ 44.6°C (318 K). A van't Hoff analysis of the metalation profile yields estimates for the thermochemical parameters for the transition (van't Hoff enthalpy, ⌬H VH ϭ 232 kJ/mol; van't Hoff entropy, ⌬S VH ϭ 728 J/mol⅐K).
Differential Scanning Calorimetry
Both apo-and metalated Mn-SOD samples underwent irreversible precipitation during DSC scans in MOPS buffer (data not shown). Addition of low concentrations of GdmHCl (0.6 -1.0 M) eliminated the formation of protein aggregates and resulted in quasireversible behavior of the sample (Fig. 3) as previously reported for the human fibroblast growth factor-1 protein (24) . For these samples, ϳ20 -50% of the protein contributed to a well developed unfolding endotherm on successive scans indicating that at least a fraction of the protein was able to refold reversibly under these conditions. DSC endotherms for a range of concentrations of GdmHCl (0.6 -1.0 M) (Figs. 4 and 5) were analyzed, and the midpoint temperatures obtained for these sets were extrapolated to zero GdmHCl concentration for both apo-Mn-SOD and Mn(II) 2 -Mn-SOD (Figs. 4 and 5, insets). The DSC scan profile did not fit well to a simple two-state model and required a more extensive analysis to extract the transition enthalpy from the data. First, the combined ⌬H base line was obtained by matching the linear pretransition base line to the polynomial post-transition base line. The transition enthalpy was then derived by evaluating the total C p area under the curve minus the combination base line, and the entropy of the transition was calculated as the transition enthalpy divided by the transition temperature (T m ), evaluated at the maximum of the transition curve. The ⌬C p was measured as the displacement amplitude for the ⌬H base line over the transition (Table  I) . The partial specific volume of the protein was taken as 0.73 cm 3 /g in all these calculations. By measuring the unfolding transition over a range of GdmHCl concentrations it is possible to extrapolate to zero GdmHCl to predict the behavior under physiological conditions. Unfolding endotherms recorded for apo-Mn-SOD in 0.6 -1.0 M GdmHCl solutions (Fig. 4) show a consistent trend of decreasing T m with increasing GdmHCl concentration, extrapolating to T m ϭ 58.6°C in the absence of GdmHCl (Fig. 4, inset ; Table I ). The unfolding transition is quite broad and does not fit well to a 
FIG. 4.
Guanidinium dependence of the unfolding transition for apo-Mn superoxide dismutase. Apo-Mn-SOD (2 mg/ml) in 20 mM MOPS, pH 7, containing 0.6 -1.0 M GdmHCl (GuHCl) was transferred to the DSC sample cell, and endotherms were recorded from 25-65°C at 1.5 K/min as described under "Experimental Procedures." Each endotherm was fitted to a base line (--) and simulated to extract the integrated enthalpy for the transition and the midpoint temperature for the transition (T m ). The regression line for this set of midpoint temperatures was extrapolated to zero GdmHCl (GuHCl) concentration (inset) yielding an estimate of the unperturbed transition temperature. The dashed lines represent the base lines generated by joining a linear base line fit to the native state to a polynomial base line fit to the denatured state.
FIG. 5.
Guanidinium dependence of the unfolding transition for metalated manganese superoxide dismutase. Mn(II) 2 -Mn-SOD (2 mg/ml) in 20 mM MOPS, pH 7, containing 0.6 -1.0 M GdmHCl (GuHCl) and 1 mM MnCl 2 was transferred to the DSC sample cell, and endotherms were recorded from 40 to 90°C at 1.5 K/min as described under "Experimental Procedures." Each endotherm was fitted to a base line (--) and simulated to extract the integrated enthalpy for the transition and the midpoint temperature for the transition (T m ). The regression line for this set of midpoint temperatures was extrapolated to zero GdmHCl concentration (inset) yielding an estimate of the unperturbed transition temperature. The base lines were generated by joining a linear base line fit to the native state and a polynomial base line fit to the denatured state. contribute significantly to the irreversibility of the unfolding transition. The inclusion of excess Mn(II) ions actually appears to enhance the reversibility of the unfolding process and also makes it easier to evaluate the metal contributions to protein stability (see below). Extrapolation of the transition temperature to zero GdmHCl leads to the prediction of T m ϭ 76.2°C in the absence of denaturant ( Fig. 5, inset ; Table I ); the shift in transition temperature ⌬T m ϭ 17.6°C reflects a dramatic stabilization of the protein by the bound metal.
Mn-SOD Metal Interactions
Metal Binding Affinity-The DSC protein stability data contain important information on related aspects of protein structure and interactions, and it may be used to estimate both metal binding affinities and the perturbation of the redox potential in the metalloprotein complex. We have applied Brandts' tight binding analysis (21) (22) (23) to the DSC data to estimate the magnitude of Mn(II) binding affinity to the protein, using an expression for the equilibrium binding affinity derived from the theory of the coupled equilibria, at 76°C. This represents the first experimental measure of metal binding affinity within this family of metalloenzymes and provides a useful estimate of the intrinsic affinity of the SOD metal-binding site for its cognate metal ion.
In the absence of GdmHCl, the unfolding transition loses its reversibility, but comparison of results for apo-Mn-SOD and Mn(II) 2 -Mn-SOD unfolding under these conditions with the quasireversible processes measured in the presence of GdmHCl demonstrates the essential validity of the former results (Fig.  6 , Table I ). This suggests that irreversible processes (including aggregation) do not dramatically perturb the measured T m values even though they will obviously contribute to the amplitude of the endotherm. The ⌬T m shift between apo-and Mn(II) 2 -Mn-SOD unfolding in the absence of denaturant is 18.4°C, differing from the value obtained under quasireversible conditions by less than 1°C. This indicates that the ⌬T m results measured in the absence of GdmHCl may be used to determine the effects of the identity of the metal ion and metal oxidation state on protein stability (Fig. 6 ) even though the T m values are shifted, in part because of the higher scan rate used in these experiments. Comparison of the DSC endotherms observed for fully reduced Mn(II) 2 -Mn-SOD (Fig. 6C ) and fully oxidized Mn(III) 2 -Mn-SOD (Fig. 6D ) with native Mn-SOD (Fig.  6B) shows that the DSC analysis is sensitive to metal oxidation state with the redox heterogeneity of the native Mn-SOD sam- by the value for the protein reduction potential reported from electrochemical studies on Mn-SOD (E Mn(III)/(II)SOD ϭ 0.25-0.3 V) (15, (25) (26) (27) (28) . However, comparison of the potentials estimated indirectly by calorimetry with those measured directly by electrochemistry is problematic. The reference redox couple in solution (assumed here to be the free Mn(III)/(II) ions) is not precisely defined in the calorimetry experiment, and the reduction potential of the reference complex would be substantially lower if stabilized by anionic ligands, e.g. protein surface carboxylates. The reduction potential of the Mn(III)-EDTA aminocarboxylate complex is E 0 ϭ 0.8 V, a value that would yield an estimate of E Mn(III)/(II) ϭ 0.1 V for the Mn ion in Mn-SOD. Further, the calculated ⌬E refers to potentials at 90°C, but the temperature coefficients are not known for either the reference or protein redox couples.
For iron-substituted Mn-SOD the perturbation of the redox potential is only slightly larger (⌬E ϭ Ϫ0.76 V at 87°C), reflecting a similar energetic stabilization of the trivalent versus divalent metal complexes by the protein irrespective of the identity of the metal ion. However, for the iron complex, the significantly lower solution value for the Fe(III)/(II) redox potential (0.77 V) results in a relatively low potential for the protein complex (0.0 V) that must contribute to the strict metal specificity of Mn-SOD. Whereas the precise magnitudes of the redox potential shifts are clearly difficult to determine from calorimetric measurements alone, the important observation here is that the altered redox potential that has been reported for iron-substituted Mn-SOD (15) reflects a charge-dependent stabilization of the metal complexes that serves as a mechanism for tuning the redox potential of these complexes (see below).
DISCUSSION
Metal binding is an essential biological function for metalloproteins and metalloenzymes that require metals for activity. Metal uptake is highly regulated in living cells, providing some control over complex formation, but ultimately the interactions of the protein-binding site with the coordinated metal ion determines the selectivity of metal binding and the functional specificity of the complex.
In the Mn,Fe-superoxide dismutase family of proteins the essential antioxidant function of the enzyme depends on incorporation of the correct metal ion in the active site. However, despite the dramatic specificity that this family of enzymes exhibits for the catalytic metal ion (less than 1% of wild type activity when the wrong metal is bound), metal uptake appears to be surprisingly unselective both in vitro and in vivo. Mn 2 -, (Mn,Fe)-, Fe 2 -, and half-apo-Mn-SOD are all present when Mn-SOD is isolated from E. coli cells. This raises important questions about how the SOD protein interacts with metal ions. Does Mn-SOD have a different affinity for manganese versus iron? How tightly is the metal bound? Is metal uptake controlled by kinetic or thermodynamic factors? Conventional approaches have not been able to address these questions directly because of limitations imposed on equilibrium binding measurements by the kinetics of binding and release. Metal binding by the SOD may involve large activation barriers resulting in the thermally triggered metal uptake previously reported for thermophilic enzymes in this family (19, 20) . We have now shown (Fig. 2) that the mesophilic Mn-SOD from E. coli also exhibits this behavior, following a strong sigmoidal temperature profile for metal uptake that parallels the behavior observed for thermophilic (Thermus thermophilus Mn-SOD) (19) and hyperthermophilic (Pyrobaculum aerophilum cambialistic SOD) (20) enzymes. This behavior may be modeled as a two-state transition between forms of the apoprotein that are distinguished by their ability to bind the metal ion. A van't Hoff analysis of these curves provides information on the thermodynamic quantities associated with the transition. Enthalpy and entropy changes are modest and very similar over the set of proteins despite structural and thermal stability differences. The transition temperature (T m ) corresponding to the point at which the enthalpy and entropy changes are equal varies systematically over these proteins and correlates with the growth temperature of the organism in which the protein is expressed, which has been interpreted as a thermophilic shift in properties for proteins adapted to function at a specific temperature range. For the mesophilic E. coli Mn-SOD the midpoint of the transition curve (Fig. 2) (T m ϭ 44.6°C) is somewhat above the physiological growth temperature for E. coli, and the enthalpy change evaluated from the curve is small compared with that found for global unfolding of the protein (see below).
In addition to the barriers for metal entry into the active site, reflected in the thermally triggered metal uptake behavior, significant activation barriers must also exist for the release of the metal ion that only occurs under strongly denaturing conditions. In the present study we have overcome the inherent limitations these kinetic barriers impose on the measurement of metal binding affinities by using calorimetric methods to monitor metal-protein interactions indirectly through the stability of the metalloprotein complex. This approach is based on the complementary aspects of metal binding affinity and protein stabilization, which are coupled processes in a closed cycle that are related by a thermodynamic equality (Equation 3). This principle has previously been applied in a calorimetric investigation of tight binding interactions in transferrin (23) and other proteins (21, 22, 29) where the theory has been extensively developed and experimentally validated. Ideally this approach requires measurement of the unfolding process under fully reversible conditions in order for the thermodynamic treatment to be valid. However, in practice it has been found that quasireversibility or partial reversibility is sufficient. We have found that at the protein concentration required for calorimetric measurements, aggregation of unfolded E. coli Mn-SOD above the transition leads to irreversibility and adds to the measured enthalpy change. However, inclusion of low concentrations of GdmHCl (0.6 -1.0 M) in the sample buffer stabilizes the protein in the unfolded state, permitting a significant fraction to undergo the global unfolding in a reversible fashion (Fig. 3) , preventing the formation of aggregates and yielding more reliable data from the calorimetric scans.
The magnitude of the stability constant for metal binding by Mn-SOD is large but not exceptionally large. A survey of Mn(II) SCHEME 1 affinities of a series of aminocarboxylate chelates indicates that the value obtained in these experiments is typical of this type of complex. For example, a value of K a ϭ 10 14 M Ϫ1 is reported for the tetracarboxylate EDTA-Mn(II) complex (30) , for which a stronger binding would be expected, because it has a larger number of anionic carboxylate groups. This analysis appears to contradict observations that the metal is bound essentially irreversibly to Mn-SOD and cannot be extracted by dialysis against EDTA. The apparent discrepancy is resolved by recognizing that the metal-binding site is buried in the interior of the protein and that the binding and release of the metal ion are not determined by the metal-protein interactions alone. In fact, the same activation barriers that are evident in the thermally triggered metalation process will affect the release of the metal ion as well. The stabilization of the metal complex thus includes contributions from both direct coordination (reflected in equilibrium binding affinity) and other interactions in the protein affecting the kinetics of binding and release that are largely independent of the presence or absence of the metal ion. These components are resolved in the calorimetry experiment, which allows us to separate the metal binding affinity term.
The transition temperature observed in the thermally triggered metal uptake experiment (44.6°C) (Fig. 2) is below the T m measured for global unfolding of the apo-Mn-SOD (T m ϭ 52.5°C, in the absence of GdmHCl, Table I ). This suggests that metalation may occur within a partially unfolded state of the apo-Mn-SOD formed at a temperature below that required to completely unfold the protein. The relatively small values of the van't Hoff enthalpy estimated from a two-state analysis of the metal uptake profile are also consistent with a relatively low energy transition associated with Mn-SOD metalation. Details of this metal uptake mechanism will be dealt with in a separate study.
The observation that Fe(III) and Mn(III) ions are bound to Mn-SOD with nearly equal affinity implies that the low metal binding selectivity that has been observed in metal binding studies is associated with inherently low discrimination of these two metal ions by the protein. Metal selectivity must be imposed on the protein by availability of metals in the cellular compartment in which the protein functions. At present there is no clear evidence for a chaperone for manganese corresponding to the copper chaperones that have been identified in the copper homeostasis system (31) although a manganese-specific carrier protein has recently been implicated in delivery of manganese to superoxide dismutase in yeast mitochondria (32, 33) . A BLAST search of the E. coli genome does not reveal any homolog for this putative yeast manganese chaperone, and in any case it is unclear whether the yeast manganese carrier directly interacts with the aposuperoxide dismutase protein.
In conclusion, calorimetric studies have provided the first experimental estimates of the metal binding affinity within the Mn,Fe-Mn-SOD family of proteins. The metal binding is tight, but not ultratight, indicating that elements of protein structure that are essentially independent of the presence or absence of the metal ion contribute to the kinetic stability of the buried metal complex. The thermodynamic coupling between metal binding, metal oxidation, and protein unfolding is clearly illustrated by these experiments, contributing new insight into the interactions between the protein and its metal cofactor (Scheme 1). The metal oxidation state dependence of the stabilization of the metalloprotein complex provides an estimate of the redox potential of the complex. The lack of metal binding selectivity between manganese and iron in Mn-SOD is reflected in the similar stabilization afforded by either Mn(III) or Fe(III) complexes, demonstrating that there is very little difference in equilibrium affinities for these two metal ions. Metal binding to Mn-SOD is kinetically controlled by metal bioavailability and depends on thermal excitation of the apo-Mn-SOD protein.
